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Iron redox cycling has been studied under dynamic hydrogeological conditions in 
a wetland stream system in Hunnicutt Creek (Clemson, SC) through a time period of six 
months with an focus on understanding the geochemical controls on iron flux from 
shallow groundwater into the stream. An emphasis was placed on detailed 
characterization of pH and EH gradients as well as natural organic matter (NOM) and 
major ions. NOM has a major impact on iron and other trace element speciation, mobility, 
transportation, and bioavailability in the environment. In a gaining stream, transport of 
ferrous iron from shallow groundwaters into the stream can lead to the formation of iron-
bearing flocs which have the potential to enhance contaminant transport. In this work, 
iron speciation was determined to test multiple working hypotheses describing iron flux 
from sediments to the stream: soluble free Fe(II), soluble Fe(II)-OM, soluble Fe(III)-OM 
and Fe(III)-OM facilitating flocs forming. Measurements of physical and chemical 
properties of pore waters, such as EH, pH and total organic carbon (TOC), concentrations 
of iron and other trace elements, as well as piezometer measurements of water level 
fluctuations were taken along a select transect in Hunnicutt Creek. Seasonal and spatial 
changes of parameters were observed. Redox potential (EH) largely influenced the 
concentrations of iron and some trace elements, while TOC and pH showed less impact 
on the system chemistry and iron appeared to be the primary redox buffer in shallow 
groundwater which then reacted with dissolved oxygen in surface waters. Piezometers 
measurements of water levels across the transect show a constant higher water level on 
the bank than in the stream, providing evidence of the gaining stream condition. Future 
 iii 
work to match fluctuations in stream water level (and thus, dissolved oxygen availability) 
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Wetlands play an important role in terms of immobilizing or attenuating 
contaminants present in surface water and subsurface environment. Various 
biogeochemical processes happen at the sediment-water interface, due to its sharp 
gradients in physical, chemical and biological properties, and greatly alter the speciation 
of contaminants which in turn affect their transportation. Sediments in wetlands are 
known to accumulate great amounts of organic matter because of the abundant plants 
growing and dying in there. Natural organic matter (NOM) in the soil and sediments 
affect the migration of contaminants, either by adsorption or altering chemical speciation 
(Warren and Zimmerman, 1994; Santschi et al., 1997; Murphy et al., 1999).  
Iron cycling between sediment-water interface has proved to have an impact on 
contaminant behavior in the subsurface and has been widely studied. For example, 
reductive Fe hydroxides dissolution may lead to the release of trace metals and other 
contaminants into the surface water. Under oxidizing conditions, mobilized contaminants 
can be adsorbed by and co-precipitated with Fe hydroxides, whereas under reduced 
conditions, reductive dissolution of Fe hydroxides enhances the release of contaminants 
from sediments to surface water.  
Such cycling of iron oxides is proposed to influence contaminant mobilization in 
natural wetlands. For example, Tims Branch is a wetland system located downstream of 
the M-area Fuel Fabrication Facility in Savannah River Site that released uranium to the 
stream from 1968 to 1971. Kaplan et al. (2020) recently surveyed the uranium attenuated 
in Tims Branch after about 50 years of release and concluded that the uranium is mostly 
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accumulated in two deposition areas within Tims Branch wetlands. The high 
concentrations of accumulated uranium are a risk to human and environmental health due 
to the potential to remobilize the uranium into the surface water and groundwater 
following environmental changes such as droughts, floods, and forest fires (Kaplan et al., 
2020). Therefore, understanding the exact process which controls the mobility of the 
uranium in the wetlands is an urgent need. 
Surface waters are normally more oxidized than groundwaters and pore waters in 
the sediments. Therefore, redox chemistry in wetland sediments may be altered due to 
changes in hydraulic conditions such as a drought or large rainfall events, which may 
develop gaining or losing stream conditions and facilitate mobilization of NOM and iron 
species from the sediments. The objective of this study is to understand the mechanisms 
of iron cycling coupled to NOM in a wetland environment under dynamic 
hydrogeological conditions. The objective will be met by measuring physical changes 
and chemical fluxes (e.g., Fe and other major and minor ions), and also dissolved organic 
carbon of a wetland.  
 
1.1 BACKGROUND 
Iron, carbon, and uranium cycling are driven by complex, coupled chemical and 
physical processes including redox chemistry, sorption, and precipitation. Iron and 
carbon are interrelated with each other in many biogeochemical processes, which control 
the transportation of uranium (Chakraborty et al., 2010; Cumberland et al., 2016). Recent 
studies found that Fe hydroxides or complexes present at the sediment-water interface 
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can act like a screen or trap which alternate the composition of NOM retained in the pore 
waters and released into surface water (Riedel et al., 2013). Hopwood et al. (2015) 
measured the complexation constants of natural Fe-ligands and provided evidence of 
Fe(II) binding with terrestrially derived organic matter in surface water. They point out 
that labile dissolved Fe is derived from colloidal and particulate phases, but the extent of 
Fe-ligand release has yet to be thoroughly assessed (Hopwood et al., 2015). Recent 
pioneering studies reviewed by Sutton and Sposito (2005) denoted that natural organic 
matter (NOM) is actually a macromolecular structure with various ligands and functional 
groups assembled by hydrophobic interactions and hydrogen bonding. These studies 
illustrate the coupled role of NOM and iron cycling in a dynamic redox environment.  
 
1.1.1 Iron Speciation in the Absence of Organic Matter 
Ferrous iron can be present as a dissolved free ion in reduced natural water 
environments, such as anoxic sediments, pore waters, and stagnant layers in 
groundwaters and lakes. However, sorption to soils or particulate NOM can limit the pore 
water concentrations of ferrous iron. The oxidation rate of ferrous iron is pH dependent 
and significantly slower when at pH values lower than 6.5 (Stumm and Lee, 1961). 
However, at higher pH values ferrous iron tends to oxidize and precipitate as ferric 
hydroxide minerals such as ferrihydrite. In both freshwater and seawater at pH 7 and 8, 
the fraction of soluble chloro-, hydroxyl- and sulfato-ferrous species are negligible 
compared to the free ferrous cation (Davison, 1979). The solubility of ferrous carbonate 
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in carbonate-bearing waters also shows that free Fe+2 ion is the most significant species 
(Singer and Stumm, 1970).  
Ferrous iron sorption on mineral surfaces is an important factor controlling iron 
speciation and mobility in the subsurface environment and can be largely influenced by 
pH and redox chemistry. The extent of ferrous iron sorption generally increases as the 
solution pH increases. Sorption of ferrous iron to γ-Al2O3, smectitic clay and amorphous 
silica under anoxic conditions shows drastic increases when pH > 7 (Zhu and Elzinga, 
2014). Sorption of ferrous iron to ferrihydrite may occur without additional redox 
reactions when ferrous is at a high concentration (Appelo et al., 2002). However redox 
reactions can also occur during sorption of ferrous iron to ferric minerals. Ferrous iron 
can be oxidized upon sorption to ferric hydroxides such as goethite and form an 
additional crystalline goethite layer. Coincident with the sorption and oxidation of ferrous 
iron, mineralized ferric iron may reduce to ferrous iron through bulk mineral electron 
transfer and dissolve into the aqueous phase as ferrous iron (Handler et al., 2009).  
 
1.1.2 Iron Speciation in the Presence of Organic Matter 
The presence of NOM greatly influences the speciation and adsorption behavior 
of iron in environmental systems. Significant amounts of ferrous and ferric iron can be 
maintained in aqueous phase because of the presence of NOM. Formation of Fe-NOM 
complexes may lead to total aqueous iron concentrations which are saturated with respect 
to iron hydroxide phases. The solubility of dissolved ferrous iron in natural waters largely 
exceeds the concentration that is at equilibrium with iron minerals in natural waters, 
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which is attributed to complexation with organic matter (Jones et al., 1974). Furthermore, 
iron redox speciation can be influenced by complexation with NOM. For example, the 
presence of ligands such as oxalate enhanced the reaction rate of the photochemical 
reduction of Fe(III) to Fe(II) (Barry et al., 1994). However, binding with NOM has also 
been shown to not impact the oxidation state of Fe(III) (Vilge´-Ritter et al., 1999). 
Complexation with organic ligands changes the pathway of Fe(II) oxidation and iron 
hydroxide formation. Binding with vegetative derived organic matter retards the 
oxidation of Fe(II) to Fe(III) even under oxidized conditions (Theis and Singer, 1974).  
Ferric iron can form strong complexes with NOM and the molecular composition 
of organic matter affects the strength of Fe-NOM complexes. The extent of iron binding 
with NOM increases as the carboxylic and phenolic groups content increases in humic 
acids (Boguta et al., 2019). Additionally, the binding capacity of Fe(III) is strongly 
correlated with and proportional to the increase of aromatic content of humic substances 
under circumneutral pH (6-8) (Fujii et al., 2014). This is demonstrated through the 
competitive adsorption of Suwannee River NOM, polyacrylic acid (PAA), phthalic acid, 
and salicylic acid on iron oxides which shows that PAA has the largest binding affinity 
due to its high carboxyl density and linear molecular structure (Gu et al., 1996).  
Complexation of iron with NOM influences the structure of iron hydroxides, 
induces reduction and dissolution of ferric hydroxide, and facilitates the formation of 
iron-OM flocs in pore waters and surface water. Fe(II) oxidized and precipitated into 
Fe(III) hydroxides and formed less ordered ferrihydrite rather than more crystalline 
goethite and lepidocrocite as the amount of humic acids increased in solution, while in 
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the absence of humic acids goethite and maghemite were formed (Colombo et al., 2015). 
Furthermore, dissolved organic matter (DOM) helps to stabilize the formation of iron 
oxide-organic matter colloids (Boyle et al., 1977) where Fe(III) is poorly polymerized in 
colloids and flocs due to complexation with NOM (Rose et al., 1998). Binding with 
NOM and some ligands prevents the hydrolysis of Fe(III) and the formation of 
polymerized Fe bonds, and the nature of NOM helped restructuring the flocs (Vilge´-
Ritter et al., 1999). Fritzsche et al. (2015) conducted soil column outflow experiments 
and observed the formation of low-crystalline Fe-OM co-precipitates in the effluent at 
circumneutral pH.  
 
1.2 RESEARCH HYPOTHESES AND OBJECTIVES 
In this work, I will examine the geochemical mechanisms controlling the 
migration of iron from reducing groundwaters to oxidizing surface waters across the 
hyporheic zone in a gaining wetland stream (Hunnicutt Creek in Clemson, SC). 
Groundwater and surface water redox potentials impact iron speciation (e.g., Fe(II) and 
Fe(III) distribution). The different iron oxidation states have different binding affinity 
with ligands, depending on the composition of organic matter. Binding with ligands may 
conversely change the adsorption and transportation of iron in the sediments depending 
on the Fe-OM speciation. Because of the coupling nature of iron redox chemistry and 
OM, I proposed multiple hypotheses to be investigated in this study which may control 
the flux of iron from groundwater to surface water: 
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1. Fe(II) remains soluble and does not oxidize and does not sorb to mineral 
surfaces or particulate organic matter 
2. Fe(II) is bound to organic ligands and prevents oxidation and precipitation 
of Fe(III) within the pore waters 
3. Fe(II) is oxidized to Fe(III) but complexation with organic ligands 
prevents Fe(III) precipitation. 
4. Fe(III)-OM complexes facilitate aggregation and formation of colloidal 
















2. SAMPLING AND EXPERIMENTAL DESIGN 
2.1 FIELD SAMPLING 
2.1.1 Sampling Site 
Hunnicutt Creek is a stream near Clemson campus which flows through the South 
Carolina Botanical Garden (SCBG) and behind the Walker Golf Course before it finally 
reaches the US Army Corps of Engineering (USACE) pump station. The watershed of 
Hunnicutt Creek covers the entire area of Clemson main campus and SCBG, and can be 
further divided into different watersheds, which are shown in Figure 1. 
 
Figure 1: Topography and area map of Hunnicutt Creek watersheds. The blue arrows show the 
flow direction of Hunnicutt Creek. 
(https://www.clemson.edu/cafls/research/hunnicutt/locationandhistory.html) 
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The sampling site chosen is located southwest of campus in the stream section of 
Hunnicutt Creek that is downstream of the golf course and SCBG. This section of the 
stream is located in an area known as “Clemson Bottoms”. Its elevation is lower than the 
water level of Lake Hartwell which causes a persistent groundwater hydraulic gradient 
from Lake Hartwell towards the stream (as shown in Figure 1, area draining to Hunnicutt 
Creek). This section of the creek was selected because i) the use of fertilizers in the golf 
course may impact the downgradient stream and yield elevated concentrations of iron and 
other trace elements, ii) the abundant vegetation growing alongside the stream provides 
organic matter and possibly active microbial activity in the sediments (Figure A-2), and 
iii) the location between the dykes along Lake Hartwell and the Clemson bottoms 
provides a drastic topographical difference and a consistent hydraulic head which 
intensifies the stream in the hyporheic zone after precipitation.  
Transect sampling was applied to conduct pore water extractions and piezometer 
measurements. A game camera and a water gauge were also installed near the transect to 
record any precipitation events or stream level change. Details of the sampling location 
and transect across the creek are shown in Figure 2.  
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Figure 2: Google Earth map of Hunnicutt Creek in Clemson Bottoms (left) & Transect line 
crossing Hunnicutt Creek and agricultural runoff drainage ditch (right).  
 
2.1.2 Sampling Protocols 
Pore water samples were collected and used to measure the pH, EH, total Fe and 
Fe(II) concentrations, total organic carbon (TOC) and total organic nitrogen (TON) from 
September 2020 to late spring in 2021. Pore waters were extracted using a pore water 
sampler, and a syringe was connected to collect the extracted pore waters. The syringe 
plunger was held open by a nail (or a stick) passed through a hole drilled in the base to 
provide enough pressure for extraction and prevent retraction while sampling. Pore water 
samplers were plugged into the sediments vertically to known depths and aligned with 
the transect line. To make the data comparable for future analysis, two sets of samplers 
were installed with different depths and stayed in the field, which are location 2 and 7 (ID 
number came from a former survey of the transect). Three pore water samplers were 
installed for location 2 in the south bank with depths of 12’’, 18’’ and 24’’. Two samplers 
were installed for location 7 in the right bank with depths of 3’’ and 21’’. The other 
location that was frequently surveyed was location 5 which was installed in the middle of 
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the stream. The depths and locations of all samplers were recorded for data comparison 
purposes. The spatial information of different sample locations across the transect is 
shown in Table 1. 
Table 1: Spatial information of each sample location. 
 
 2 5 7 
 A B C A B A B 
Location South bank of the stream Center of the stream North bank of the stream 
Depth 12” 18” 24” 6” 14” 3” 21” 
 
Ferrous iron was determined using a spectrophotometric technique. To measure 
the Fe(II) concentration in the pore water, pore water samples need to be preserved in the 
field in a way that prevents Fe(II) oxidizing into Fe(III). Therefore once the pore waters 
were extracted from the sediments, immediate action was to store 2.5 mL of pore water 
with 0.1 mL concentrated HCl. Measurements of ferrous iron will be discussed in detail 
in section 2.2.1. Oxidation-reduction potential (ORP) or EH, and pH values were also 
measured simultaneously in the field after pore water being collected. Physical and 
chemical parameters pH and EH were measured using portable pH and EH meters in the 
field. To limit the amount of oxygen entering the pore waters and oxidizing the sample, 
gently removed the syringe from the sampler and poured pore waters into the cap of the 
portable EH meter. After EH was measured, pH was also measured using the same pore 
waters in the cap. After storing pore waters for Fe(II) measurements and conducting EH 
and pH measurements, the remaining pore water samples were collected in 50 mL 
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polypropylene centrifuge tubes and stored at room temperature for future analysis for 
total iron concentration, TOC and organic matter characterization.  
The piezometers discussed in section 2.2.3 were installed in both banks of the 
transect to measure the hydraulic pressure (hydraulic gradients) in the hyporheic zone, 
which helped to determine the gaining or losing conditions of the stream.  
 
2.2 EXPERIMENTAL DESIGN 
2.2.1 Iron Speciation Measurements 
Total Fe concentration, iron speciation, and total trace metal concentrations were 
measured using pore water samples extracted from different locations and depths along 
the sampling transect. Pore waters passed through the screen of the samplers (Figure A-1) 
when extracting water from sediments. Therefore, all iron concentrations were dissolved 
iron concentrations. Total Fe, Ca, and Mg plus other trace metal (e.g., Co, Mn, As, U) 
concentrations were measured using the inductively coupled plasma mass spectrometry 
(ICP-MS) instrument in CETL lab 142. One milliliter of samples was acidified and 
diluted 10 times with 9 mL of 2% nitric acid before ICP-MS measurements. It is 
noteworthy that between sample collection and acidification in the lab, dark 
orange/brown precipitates were frequently observed. A photograph of this phenomena is 
shown in Appendix A (Figure A-3, Figure A-4, Figure A-5 and Figure A-6) 
The “phenanthroline method” (standard method described in ASTM D1068-15) 
was used to determine the Fe(II) concentration. Fe(II) measurements required field 
preservation of ferrous iron to prevent ferrous iron oxidization to ferric iron while 
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transporting to the lab. Immediately after collection, 2.5 mL of pore water samples were 
removed and added to a 15 mL plastic centrifuge tube with 0.1 mL of concentrated HCl, 
0.5 mL of ammonium acetate buffer and 1 mL of phenanthroline solution. Ultraviolet-
visible spectrophotometer (UV-Vis) was used to determine the color intensity generated 
by phenanthroline chelating with ferrous iron at a wavelength of 510 nm. Field pictures 
of acidified pore water samples generating colors can be found in Appendix A (Figure A-
7, Figure A-8 and Figure A-9) Stock iron solution was made to determine a calibration 
curve between iron concentration and absorbance. All reagents above were prepared and 
stored in CETL lab 158 under room temperature; the preparation procedures are 
described in ASTM D1068-15. 
 
2.2.2 Organic Matter Measurements 
Total organic carbon (TOC) was determined on a Total Organic Carbon Analyzer 
in Rich Lab 114 with calibration standards ranging from 1 to 100 ppm. Samples were 
passed through 0.45 micrometer cellulose acetate filters prior to analysis. Liquid 
chromatography-mass spectrometry (LC-MS/MS) was used to determine the classes of 
organic matter in the samples. By analyzing the raw data from LC-MS/MS, organic 
matter can be classified into different categories (phytochemicals, carbohydrates, sugars, 
proteins, lipids) based on their elemental formula and different elemental ratios (O/C, 
H/C, N/C, P/C, N/P). The method has been applied in many areas for characterization of 
natural organic matter (Rivas-Ubach et al., 2018). To prepare samples for the LC-MS/MS, 
approximately 100 mL of pore water sample was filtered with a 0.45 µm cellulose acetate 
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filter before concentrating with solid phase extraction to bring the organic matter 
concentration to around 500 mg/L to meet the detection requirement of LC-MS/MS. The 
procedure for solid phase extraction was followed as described in Li et al. (2016). 
 
2.2.3 Piezometers Measurements of Groundwater Level 
Since the water level in Hunnicutt Creek is much lower than Lake Hartwell, I 
hypothesized that the stream was in a gaining condition. Therefore, the groundwater was 
contributing to the surface water with a persistent vertical hydraulic gradient (VHG) at 
the bottom of the stream. I verified the hypothesis by drilling piezometers into the 
sediments to measure the vertical and horizontal hydraulic gradients along the transect. 
Three piezometers (P1, P2 and P3) were installed adjacently at a series of depths in the 
south bank (close to Lake Hartwell). One large “L” shaped piezometer (P5), or stream 
piezometer was buried in the right bank to measure the stream level, with the vertical rod 
of the “L” vertically fixed at the right bank and the horizontal rod extending to the middle 
of the stream. Piezometer 2 (P2) was drilled to the depth that is approximately the same 
level with the opening of the stream piezometer. One piezometer (P4) was also installed 
in the north bank to the same depth as the P2 and stream piezometers. Another two sets of 
piezometers were installed in the south bank away from the stream, also drilled to the 
same depth as P2. Therefore, the datum line was set by the screen level of the stream 
gage (P5). All piezometers were made of 1.5’’ PVC pipes and drilled vertically into the 
sediments. The placement of all piezometers along the transect are shown in Figure 3. 
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Water level sensors (Solinst Levelogger 5 Junior) were installed inside each piezometers 
to collect water level data constinously. 
Hydraulic gradient is a measurement of the change of water level per unit of 
distance along the maximum head decrease, which determines the direction of 
groundwater flow. Vertical hydraulic gradient (VHG) can be used to quantify 
groundwater-stream exchange; it is essentially a measure of head difference per unit of 
vertical depth between piezometers. To calculate, VGH = Δh/Δl.  
Figure 3: Placement of piezometers and sample locations along the transect in Hunnicutt Creek 








3. RESULTS AND DISCUSSION 
3.1 FIELD DATA ANALYSIS 
Pore water samples were analyzed from the transect in different locations and 
depths through August 2020 to February 2021, coincident with a shift from warm to cold 
temperatures. Throughout the period, water level fluctuations in the stream and stream 
water chemistry were monitored including determination of Fe, TOC, and trace elements 
concentrations as well as pH and EH over time. The trends of these 
constituents/parameters with respect to space and time are discussed in detail below. It is 
noteworthy that during the analysis period, the vegetation underwent an obvious 
transition from lush to dying, and the stream system went through several dry periods and 
precipitations which were captured by the field game camera (Figure 4).  
 
Figure 4: Pictures taken from the field showing seasonal change of vegetation (first row left, 
taken on October 8th 2020; first row right, taken on February 4th 2021) and game camera 
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pictures showing the stream level fluctuations (second row left, taken on October 20th 2020; 
second row right, taken on November 11th 2020). 
As shown in Figure 5, the water heights measured in the south bank (Bank) are 
always higher than in the stream during the data collection period shown of one month, 
indicating a gaining stream condition. Higher water heights were observed in the 
piezometers closer to Lake Hartwell, indicating a horizontal hydraulic gradient for 
groundwater flowing from Lake Hartwell to the stream. It is also notable that the water 
height profiles are similar for “Stream”, “Bank” and “Mid Lake”, but the profile for “Far 
Lake” is smoother. This observation demonstrated the effect of stream level fluctuations 
on the groundwater level in the bank, but the effect declines when moving further from 
the stream.  
 
Figure 5: Water height fluctuations measured in piezometers in the stream (Stream, P5), the south 
bank close to the stream (Bank, P2) and two more piezometers installed in the south bank close to 
the dyke of Lake Hartwell (Mid Lake and Far Lake) far from the stream. 
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Total iron concentrations were found to vary considerably with both sample 
depth/location as well as temporally with the samples that are affected by surface water 
exhibiting the greatest fluctuation. The total iron concentration changes over time are 
shown in Figure 6. The iron concentrations spanned over four orders of magnitude, with 
the highest concentration of around 1.4 × 10-3 mM (78.4 mg/L) and the lowest 
concentration of around 1.0 × 10-7 mM (0.006 mg/L), which was an elevated level 
compared with former observations of iron concentrations in groundwater at other 
locations (Rajappa et al., 2010; Ellis et al., 2000). The data showed a considerable 
decrease of iron concentration with respect to time, through the warm season to the cold 
season. As discussed below, this trend appears to be correlated to changes in the pore-
water oxidation-reduction potential during the transition from warmer to colder months. 
The total iron concentration also showed a significant spatial variation. Samples with 
deeper depths, such as 2B, 2C and 7B, maintained higher iron concentrations than other 
samples nearly throughout the entire sampling period, with the highest concentrations for 
sample 2B; whereas sample 5A, 5B and 7A maintained lower concentrations at all times 
(except for spikes of HC 7B on January 22 and February 4). Note that locations 2 and 7 
were at the north bank and the south bank, respectively, and location 5 was at the middle 
of the stream. Some data points from location 5 (October 22th 2020 and November 12th 
2020) were missing because the stream was under a dry period so that the original 
location 5 didn’t remain in the middle of the stream, therefore no pore waters were 




Figure 6: Total iron concentrations in pore water samples along the transect at the Hunnicutt 
Creek (HC) sampling location number 2, 5 and 7. Location 2 and 7 refer to the north bank and the 
south bank, respectively. Notations A, B, and C refer to increasing sampling depth. The depths of 
samples 2A, 2B, 2C, 5A, 5B, 7A and 7B are 12, 18, 24, 6, 14, 3 and 21 inches, respectively. 
Iron concentrations of pore waters from below the stream bed were likely 
impacted by the oxidized surface water penetrating into the stream bed due to the higher 
hydraulic gradient occurring during high precipitation events and upstream runoff (which 
may have contained elevated trace elements if the upstream golf course was using 
fertilizer). Therefore, pore waters beneath the stream bed had considerably lower total 
iron concentrations than pore waters in the bank sediments but exhibited larger variations 
than pore waters in bank sediments. Pore waters in the bank sediments were more 
impacted by groundwater than stream water in the gaining stream system. Reduced 






























stream (Storey et al., 2003). Therefore, iron concentrations were considerably higher in 
the pore waters near the stream banks than those measured in the center of the stream. 
Moreover, since reduced groundwater exchanged with stream water from beneath the 
stream bed, iron concentrations in samples with deeper depths (2B, 2C and 7B) were 
higher than that with shallower depths in each location (2A and 7A).  
The oxidation-reduction potential (EH) in the Hunnicutt Creek pore water samples 
also showed seasonal and spatial variations. As shown in Figure 7, EH ranges from 
approximately 100 mV to 450 mV, indicating the pore waters maintained moderately 
reducing conditions throughout the entire sampling period (Patrick, 1981). Overall, the 
EH in the pore waters slightly decreased from September to March. However, the 
distribution of EH in the pore water samples with depth underwent a subtle reversal over 
time. Considering warmer months from September to November, the samples with 
shallow depths (HC 2A, 5A, 5B and 7A) had higher EH values than deeper pore waters 
(HC 2B, 2C and 7B). However, during the colder months from December to February, 
the EH in some samples with deeper depth (HC 2C and 5B) became greater than the 
samples from shallow depths, especially after January. The trend of EH over time varied 
with respect to depth. As we can see in Figure 7, the EH values decreased for those 
samples with shallow depth through the entire sampling period (i.e., HC 2A, 5A and 7A) 
while the EH values increased for the deeper samples such as HC 2C. Another notable 
trend is that the range of EH values for all samples was largely compressed during the 
cold season. In September, the range of EH was roughly 150-450 mV, with a difference of 
nearly 300 mV. While in early January the range narrowed to 290-350 mV, with only 60 
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mV variation for all samples. The narrowed EH range was observed from early December 
to late January. The pore water EH values of all locations and depths were highly uniform 
during this time period which is the coldest months of the year in Clemson. Moreover, 
when temperatures began to rise in February, the EH range spread out again and no longer 
remained uniform. Koretsky et al. (2006) investigated the seasonal stratification of redox 
values by sampling pore waters and analyzing different soluble species. A more 
compressed redox stratification in the warmer season was observed, which is the opposite 
of the current dataset. Koretsky et al. (2006) suggested that vegetation and microbial 
activities were responsible for this seasonal change of redox stratification reflected by 




Figure 7: Field measured EH (mV) in pore water samples along the transect at the Hunnicutt 
Creek (HC). Sampling location and depth are consistent with former notations. The depths of 
samples 2A, 2B, 2C, 5A, 5B, 7A and 7B are 12, 18, 24, 6, 14, 3 and 21 inches, respectively. 
The pH in the field samples stayed relatively constant during the sampling period 
with a range between 5.82 and 7.64 (Figure 8). This pH range is consistent with previous  
investigations for groundwater and waterlogged soil at other locations (Clark et 
al., 1998; Gunarathna et al., 2016). The pH dropped from 7 and stayed in a range between 
5.8 and 6.8 from September to October. There were some fluctuations in pH but in 
general there were fewer variations in pH after September. Comparable to the EH 
behavior during colder months, the pH became more uniform in pore waters once the 
season starts to change from warm to cold. There was also spatial variation in pH with 

























2B and 2C, HC 5A and 5B, also HC 7A and 7B, Figure 8), which was consistent with pH 
fluctuations over time. 
 
Figure 8: Field measured pH in pore water samples along the transect at the Hunnicutt Creek 
(HC). Sampling location and depth are consistent with former notations. The depths of sample 
2A, 2B, 2C, 5A, 5B, 7A and 7B are 12, 18, 24, 6, 14, 3 and 21 inches, respectively. 
Theoretical speciations of iron in the aqueous phase were obtained by plotting the 
EH and pH dataset in the Pourbaix diagram, as shown in Figure 9. The dataset fell in a 
range that was close to the boundary of Fe(II) and Fe(III), and its slope was roughly 
parallel to the boundary line between Fe(II) and Fe(III), indicating iron to be the buffer of 
the system’s redox potential. The majority of data points fell within the range for free 
Fe2+ ion, while some data from the shallow bank and stream sediments were within the 


















oxidizing ferric iron in those samples. The ICP-MS and UV-vis measurements failed to 
provide a more detailed view of the iron speciation in the pore water samples. Inadequate 
digestion of iron precipitates forming after pore water samples was extracted when 
preparing samples for the ICP-MS caused the total iron concentrations to be lower than 
ferrous iron determined by UV-vis measurements. Concentrated hydrochloric acid added 
to dilute the acidified samples (HC 2A/B/C and HC 7A/B) to bring the color intensity to a 
range that can be measured with UV-vis caused preserved ferrous iron to be oxidized or 
phenanthroline to be diluted in those samples, which caused their measured 
concentrations to be significantly lower than samples without dilution (HC 5A/B). 
Detailed information of iron speciation measurements is provided in the Appendix.  
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Figure 9: Pourbaix diagram plotted with EH and pH dataset measured in the field. 
 
TOC concentration changes over time are shown in Figure 10. Except for one data 
point with 25966.864 ppb of TOC concentration which was about 7 folds more than the 
rest TOC level measured in the field, TOC concentration stays relatively stable below 
10000 ppb from August to February. TOC concentration was higher in August than the 
following months, with around 8000 to 10000 ppb, then it dropped and stayed below 
7000 ppb after August. The changes for TOC concentrations with respect to time, 
sampling locations and depths was not apparent. TOC only decreased from August to 
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September and then remained stable after that. There was also no significant correlation 
between TOC and iron concentrations.  
 
Figure 10: Total organic carbon (TOC) concentration in ppb in pore water samples along the 
transect at the Hunnicutt Creek (HC). Sampling location and depth are consistent with former 
notations. The depths of sample 2A, 2B, 2C, 5A, 5B, 7A and 7B are 12, 18, 24, 6, 14, 3 and 21 
inches, respectively.  
While there are apparent trends for total iron concentrations and EH in pore water 
samples, and also fluctuations for pH, the trends for TOC during the sampling period 
were not apparent. Therefore, the organic content seems not to be the control factor of 
iron concentrations fluctuations during the term sampled. For all parameters that have 
been analyzed, total iron concentrations and redox potential seem to be the control factors 
that influence the chemistry of the system. By observing the trends of iron concentrations 























the pore waters and possibly controlling the iron flux in the system. The correlations 
between iron concentrations and EH, pH and TOC, and also some redox sensitive 
elements will be discussed below. 
 
3.2 CORRELATIONS BETWEEN DIFFERENT PARAMETERS 
In addition to observing field data, elements (Mg, Ca, Cr, Mn, Co, Ni, As, Se, Mo, 
Cd, Pb and U) in the pore water samples and their correlations with EH, pH, TOC and 
iron concentrations were analyzed. Linear regressions were applied, R2 coefficients and P 
values were also calculated to determine potential correlations between parameters. 
Statistically, the R2 coefficient describes how well a dataset is fitted by the regression, 
perfect fitting is when the coefficient approaches 1. The P value can be used to determine 
the significance of the slope, in other words, whether the changes of one parameter are 
responsive to the changes of the other parameter. Normally, significant slopes can be 
determined by P values lower than 0.05.  
The iron concentrations versus EH, pH and TOC for each sampling date are shown 
in Figure 11, some dates are missing because there were less pore waters extracted to 
conduct measurements. As we can see in the figure, iron concentrations were well 
correlated with respect to the redox potential (EH) (R2 = 0.3557, P = 6.22 × 10-7). The 
iron concentrations were distributed roughly within 100 mV to 450mV range of the EH 
and decreased as the EH increased. The distribution of iron concentrations over pH 
showed large variances (R2 = 0.0027) and scatter within the pH ranging from 6 to 7.64. 
Similar with TOC, iron concentrations showed less correlations with TOC (R2 = 0.0185) 
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as expected since the assumption that NOM can alter the speciation of iron. The TOC 
concentrations were confined within a small range of 1000-10000 ppb whereas iron 
concentrations were scattered within a range from 1 × 10-7 to 1 × 10-3 ppb. Therefore, 
there were no apparent correlations among iron concentrations, pH and TOC in pore 































































Figure 11: Total iron concentrations versus EH, pH and TOC delineated by sampling date.  
The redox potential in natural waters is under heterogeneous nonequilibrium 
conditions and is not determined by a single redox couple (Bohn, 1974); however, in the 
pore water samples collected, iron seems to be the one of the few elements in the system 
that are responsive to EH fluctuations. By observing elements other than iron (Mg, Ca, Cr, 
Mn, Co, Ni, As, Se, Mo, Cd, Pb and U) in pore water samples, most of the elements 
measured had relatively constant concentrations and were not significantly influenced by 
pH, EH and TOC concentrations throughout the sampling period. The coefficient of 
determination (R2 value) of all elements versus pH, EH, TOC and iron concentrations are 
listed in Table 2. 
Table 2: Coefficient of determination (R2 value) of all elements versus pH, EH, TOC and 
iron concentrations. 
 
 Mg Ca Cr Mn Fe Co Ni As Se Mo Cd Pb 
EH 0.1154 0.1268 0.0236 0.3839 0.3557 0.0294 0.078 0.2615 0.0789 0.1745 0.0934 0.0529 
pH 0.0045 0.0284 0.1249 0.0003 0.0027 0.0573 0.0015 0.0023 0.0211 0.0047 0.0112 0.0691 
Total
Fe 
0.1857 0.1371 0.0592 0.6304 --- 0.1789 0.0035 0.5155 0.0809 0.479 0.0629 0.0796 































 There are only a few elements (Mn and As), which are redox sensitive elements, 
that are impacted by EH changes in the system. As shown in Figure 12, manganese and 
arsenic both have negative correlations with EH (R2 = 0.3839, P = 1.67 × 10-7 for Mn; R2 
= 0.2615, P = 3.49 × 10-5 for As); whereas calcium and magnesium (R2 = 0.1268, P = 
0.024 for Ca; R2 = 0.1154, P = 0.0085 for Mg), which are not redox sensitive, are less 
affected by EH changes. It is well established that the redox potential has a notable impact 
on the iron speciation and solubility in aqueous phase, the transformation of ferric to 
ferrous iron is preferred at both lower EH and pH and the distribution of water soluble 
iron significantly increases when EH is below 150 mV (Gotoh and Patrick, 1974). Patrick 
and Jugsujinda (1992) also determined the critical redox potential for iron reduction in 
flooded soil which is around 100 mV. While limited oxygen is present in flooded soil and 
sediments, microbial oxidation of organic matter will cause sequential reductions of 
alternate electron acceptors, which follows an order of nitrate (0/V), manganese(III/IV) 
and iron(II/III) (Patrick and Jugsujinda, 1992; Sigg, 2000). Oxidation states of these 
species in waterlogged sediments are largely controlled by the oxidation-reduction 
potential and pH. Not only should redox potential play a role in iron redox chemistry, the 
redox potential in natural water systems should also be determined by the predominant 
redox reactions under given conditions (Sigg, 2000), which in this case can be inferred to 




Figure 12: Manganese, arsenic, calcium and magnesium versus oxidation-reduction potential (EH) 
delineated by sampling date.  
Furthermore, various degrees of correlations were observed between iron 
concentrations and the concentrations of manganese and arsenic in the observed system. 
As shown in Figure 13 and Table 2, manganese and arsenic both have shown positive 
correlations with iron concentrations (R2 = 0.6304, P = 8.34 × 10-15 for Mn; R2 = 0.5155, 
P = 3.52 × 10-11 for As), while such correlations were less obvious for calcium and 
magnesium (R2 = 0.1371, P = 0.0158 for Ca; R2 = 0.1857, P = 0.0004 for Mg). 
Manganese and arsenic are two elements that are widely studied and proved to be 
impacted by iron redox reactions. The solubility and mobility of manganese and arsenic 
species are impacted by the redox dissolution of iron minerals in natural waters 
(Mansfeldt, 2004; Al-Abed et al., 2007). Manganese is an important redox sensitive metal 
and is usually considered together with iron in terms of metal oxide reduction and trace 
contaminants mobilization (Whitney, 1975; Tessier et al., 1979; Canfield et al., 1993). 
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The reduction process of arsenic species can be directly mediated by heterogeneous iron 
redox reactions; therefore, the mobility and solubility of arsenic are largely controlled by 
iron redox chemistry (Borch et al., 2010). The two elements are widely studied redox 
sensitive elements that influence the water chemistry, bioavailability, and trace elements 
mobility. Therefore, the changes of iron concentrations may alternate the chemistry of 
pore waters in the system observed.  
 
 
Figure 13: Manganese, arsenic, calcium and magnesium versus iron concentrations delineated by 
sampling date.  
It can be concluded from the results that iron redox, rather than NOM, was the 
global control agent of pore water chemistry in the stream transect of Hunnicutt Creek 




Constant gaining stream conditions in the stream and the horizontal hydraulic 
gradient from the dyke of Lake Hartwell towards the stream were observed and 
confirmed my hypothesis. Spatial variances of physical and chemical parameters in 
different sampling locations indicated an effect of reduced groundwater flow beneath the 
stream bed, which coincided with the analyzed results from water level observations. 
The iron concentration in pore waters appeared to be controlled by the oxidation-
reduction potential. Geochemical analysis (Pourbaix diagram) and pore water 
measurements confirmed that dissolved iron in pore waters should be dominated by 
ferrous iron, while there may be ferric iron existing in some more oxidizing samples. 
Another conclusion is that iron concentration seemed to be the global control for the 
whole system with the concentrations of several trace metals correlated to iron 
concentrations and the redox potential likely buffered by iron redox chemistry. Seasonal 
changes of iron concentrations and redox potential in the pore waters may indicate a 
potential effect of microbial activity and controlled the concentrations of redox sensitive 
elements like manganese and arsenic. 
The results showed less correlation between iron and NOM in pore waters 
through a moderately long period of time, despite many previous studies suggesting a 
potential relationship of iron redox chemistry and NOM. One possible reason is that 
previous studies of NOM-iron interactions were mostly investigated in the laboratory on 
a smaller molecular scale, where NOM facilitated iron redox reactions. However, in this 
work I observed a larger stream scale and span over a relatively long period of time 
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(September 2020 to March 2021) and observed little influence of NOM on the 
availability of iron in the pore waters under this macro scale. Another possible reason is 
that iron species that are already dissolved in the pore waters depend mostly on the redox 
potential rather than NOM in the sediments. It is possible that NOM interacts with iron 
redox cycling when binding with sediment minerals, which cannot be observed with 


















5. FUTURE WORK 
Future work is required to better understand how NOM affects iron flux from 
sediments to the stream in a gaining stream system. To better preserve the ferrous iron 
and determine ferric iron in the pore water, a more accurate method for ferrous iron 
determinations in the field needs to be developed. Given the fact that TOC concentration 
is considerably low, and NOM does not affect the iron redox in the pore water, measuring 
dissolvable iron and NOM in the sediments and bank soils is required. Laboratory 
determination of Fe-NOM speciation in the aqueous solution under reasonable physical 
and chemical conditions would also be beneficial. Microbial activity needs to be 
quantified in the sediments to study its potential effect on iron dissolving and flocs 
forming, i.e., quantifying possible metabolites related to microbial activity in the 
sediments and determining composition in iron-bearing flocs. Dissolved oxygen in the 
stream water and pore waters should be measured as a direct measure of how oxidized 
the water is. In-situ temperature should also be monitored to determine any possible 
effect on microbial activity. 
More detailed hydrological data is required to link the effect of reduced 
groundwater flow on the iron flux to the stream in the hyporheic zone of a gaining 
system. Hydraulic gradients need to be measured beneath the stream bed and aside the 
bank to better determine the groundwater flow path when entering the hyporheic zone. 
Pore water analysis of iron concentrations, EH, pH and other physical and chemical 


























Field Pictures in Hunnicutt Creek Transect 
 
 



































Figure A-9: Acidified pore water samples from location 7, color coming from ferrous iron complexing with 
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